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INTRODUCTION

In the past two decades, small research and industrial
submarines have performed an increasing variety of important
underwater tasks. These "submersibles” as they have come to
be called, have traditionally been powered by re-chargable
storage batteries. Generally, battery systems provide a low
cost, reliable energy source which will continue to see wide
application in submersible systems; however, due to the low
energy density of present batteries, many submersible missions
are energy limited.

The electrochemical fuel cell is one of many advanced
systems proposed for submersible ;ower. In 1978, a United
Technologies Corporation fuel cell system, evolved from space
technology, was installed on a 50 ton submersible, the Deep
Quest, which is currently undergoing tests off San Diego,
California.

The purpose of this study is to evaluate the present
applicability of fuel cell energy systems to manned
submersibles of 50 tons (dry weight) and smaller. Chapter I
will define the term submersible as it is used here, examine
the develcpment of underwater propulsion systems and of
manned submersibles, and survey present power plant
installations. Chapter II will review important design con-

siderations for submersible power systems and survey alterna-

tive energy sources in light of current technology. In




Chapter ITI, fuel cells will be examined in general, and

some systems applicable to submersibles will be inspected in
detail. Finally, in Chapter IV, the impact of replacing the
lead-acid batteries aboard the U.S. Navy's Sea Cliff, a
submersible approximately three times smaller than Deep Quest,

with a "state-of-the-art” fuel cell system will be assessed.

i
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CHAPTER I
SUBMERSIBLES AND SUBMERSIBLE POWER 3YSTEMS

a. Definition of "Submersible”

Although the word "submersible" is defined in

Webster's Collegiate Dictionary cnly as "something that is

submersible”, it has acguired a more exact meaning among
ccean sclentists and engineers, offshcre 2il workers, and
seamen. Generally, a submersible is a submarine that is
designed for surveving, scientific research, salvage, rescue,
and/or underwater engineering.

For the purposes of this study, the term submersible will
be used toc mean a manned, self-propelled underwater vehicle
with an enclosed pressure hull that is not designed for a
strictly military mission. This more limited definiticn
excludes open, SCUBA supported diver deliverw vehicles and
unmanned, tethered submersibles such as the U.S. Navy's
CURV vehicles.

Additionally, the term "small submersibkle”, used without
gualification, means a vessel as descrirced akove of less than

50 tons dry weight,

B. Historv of Submarine Power Systems

Although divers and diving bells are evident in pre-
classical history, the first known navigable submersible was
constructed in 1624 by Cornelius Van Drebbel, a Dutch

physician. Van Drebbel's boat was pcwered by oars extended

s ke v A ke taVesiak s .
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FIGURE 1.1

AQUAPEDE, A Man-Powered Submersible by Alvery Templo(

2)

Akinm e -




- 11 -

through greased-leather seals in its wooden hull, and
although the vessel's dimensions are not known, she was
capable of carrying twelve people surviving on the "quint-
essence of air".(l)
Manpower continued to provide propulsion for submarines
up to the American Civil War. David Bushnell's ocne-man
Turtle which saw acticon in the Revolutionary War, Robert
Fulton's Nautilus built in 1801 for Napoleon, anéd the
Confederate Navy's David which sunk a Union warship in
Charleston Harbor were all powered by hand-cranked screw

(2)

propellers. Fulton's submarine also featured a single

focldable mast and sail for surface propulsion.(l)

After 1860 there was increasfng interest in sukmarine
boats in both Europe and the U.S., and several innovative
methods were used for propulsion. 1In 1863, Frenchmen Brun
and Bourgois launched a 136 ft. long submarine, the Plcngeur.

Plongeur was propelled by a compressed air motor driving a

ingle large

screw propeller. Compressed air was stored in a si
(1)

tank and was alsc used for buovancy tank service.
Steam propulsion, both on the surface and submerged, was

used 1n four submarines built by Nordenfeldt and Garrett in

England in the 1880's. The Nordenfelt, No. 4, descriked by

Spear(l)

was 125 ft. long and had a submerged displacement of
245 tons. With 150 psi steam, her power plant could develocp

1,000 horsepower for a surface speed of 15 knots. Submerged,

steam was drawn from superheated water in the boiler itself
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and in special steam storage tanks to provide an expected
submerged speed of 5 knots for four hours.

In the late 1880's, the gascline engine, steam, and
storage batteries were all used for submarine power. The
30 ton French submarine Gymnote, launched in 1888, used a
storage battery and a 55 HP motor driving a single screw. The
Narval, also built in Prance, was launched in 1889 and was the
first submarine which used a power system both for surface
propulsion and for recharging batteries used in submerged
service. The Narval had a submerged displacement cf 200 tons
and used a petroleum fired water-tube boiler for steaming a
250 HP triple expansion engine. The details of Narval's
electric plant are ngt known; although she was said to have a

70 mile submerged range at 5 knots.(l)

The American submarine
designer, Simon Lake, was the first to use an internal com-

bustion engine for submarine power. His Argcnaut First,

launched in 1889 and desigrned for salvage, was powered by a
20 dP gasolire engine that was snorkled to the surface with
(3)

two hollow masts for intake and exhaust.

The Argonaut
also featured powered wheels as well as a propeller for bottom
propulsion and a diver's compartment with an airlock.(l)

The real breakthrough in military submarine propulsion
was the combination of the internal combustion engine with
the lead-acid storage battery. John Holland's SS-1, delivered

to the U.S. Navy in 1900, incorporated manv of the features

developed over the previous two decades of submarine activity.

PO
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Named the U.S.S. Holland, she included many innovations that

were not fully appreciated until the 1950's = a hull form
optimizing submerged performance, minimum reserve buoyancy,
a small streamlined superstructure, and a large diameter,
slow=-turning propeller mounted on the longitudinal axis of
the hull. The 75 ton Holland was powered by a 50 HP gasoline
engine on the surface and a 50 HP motor submerged. Her
electrical power was furnished by a 60 cell lead-acid bhattery
with a capacity of 1,500 amps at a four hour discharge rate.(l)
Although the gasoline engine was scon replaced by the
much safer diesel and specific energy of lead-acid batteries
improved considerably, all miljtary submarines through World
War II had, in principle, the same type power plant as Heolland.
In the 1940's several attempts were made to overcome the
submerged speed and endurance limitations of battery power.
England, Germany, and the U.S. developed experimental boats
using hydreogen peroxide and diesel o0il to run steam turbines.
These plants provided high power, but wers cconsidered
unsuccessful for their high cost, verv high oxidant consump-
tion, and questionable safety.(4’5)
Closed cycle diesel engine systems using injected oxygen
mixed with recirculated CO2 were also develoved in the U.S.
and Germany but were never generally adopted.(e) The first
real alternative to diesel-electric power for submarines was

the pressurized water nuclear reactor introduced on the

U.S.S. Nautilus (SSN-571} in 1955. Presently, all combatant

e M e b
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military submarines are diesel-el

ectric or nuclear pcwered.

C. The Manned Submersible - Historv and Current Trends

The combatant military

submarine has always operated

at relatively shallow depths. In fact, until 1934, the record

for deep submergence was held not be a vessel, but bv salvage

divers who had reached a maximum

year, Professcr William Beebe too

steel bathysphere to the unprecidenczed

depth cf 180 m,, zut in chat

kazll/

[0

ton spherical

e

£
(o]

th of 923 meters.

Beebe's bathysphere, built by Otis Barton, was negatively

buoyant and supportad from a surf

Electrical power was provided fro
1,000 m. long cable several feet
were Iorced through the stuffing
pressure.

The £irst modern submersible
this study was designed and built
Auguste Piccard. In 1939, Piccar
FNRS~-2, a bathyscaph cr "deeg boa
interrupted by world War II and t
until 1948. Designed for depths
powered by an externally mounted,
acid battery of 14 cells and 900
motors, lights, and life-support
was also carried external to the

had only limited horizontal maneu

about .2 knots.

ace vessel by a steel cable.
m the surface through 2
of which, on early éda1ves

tube into the sthers by water

which meets the definiticn of

cy the Swiss physicist,

[N

~
~

stra

(¢]
o]
O

began c“ion Of the
t". Constructicn was

he FYRE~2 was nct tested

of 4,000 m., the FNRS-2 was
pressure-compensated lead-
amg-hrs which ran two 1 H?
eguipment. A reserve battery

Eressure sphere. The FNRS-2

verability with a speed of
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From 1939 to 1960, the history of submersibles was
written almost entirely by Piccard. The FNRS-2 was mcdified
by the French Mavy, redesignated the FNRS-3, and operated
extensively in the Mediterranean in the 1950's. 1In 1953,
Piccard launched the bathyscaph Trieste which eventually,
in January of 1960, dove to the deerest known part of the
world's oceans, the Challenger Deer at 10,912 m. in the
Pacific Ocean. Trieste has undergone several significant
rodifications and is still maintained in an operational status
by the U.S. Navy. Her initial power source was lead-acid
tatteries mounted in the prassure sphere which drove her two
2 HP motors for a maximun lateral speed of .5 knots. As
presently configured, she carries externally mounted, fressure
ccmpensated silver-zinc batteries of which 16 cells provide I
5,000 amp-nrs. at 24 V. and 80 cells provwide 952 amp-hrs. at
120 v. The 120 V. batteries drive three stern-mounted 6.5 H?
motors Zor a sgeed of 2 knots Ior 12 hours.(B)

Three Zactors in the early 1960's were largely resconsiiclsz
for a kboom in submersible constructicn - Piccard's achisvements
especially Trieste’'s descent to the bottom of Challenger Deep;
an increasing public interest in ocean science; and deep ocean
surveillance and salvage effcrts subseguent to the loss of the
nuclear submarine Thresher at 2560 m. in the North Atlantic.
Between 1960 and 13468, more than 50 submersibles of significant

capability were constructed. Large corporations such as

General Dyvnamics, General Mills, Reynolds Aluminum, and
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Lockheed invested heavily in submersible programs. By 1968,
however, the economic realities cf submersible operation had
become aprarent. This and the realization that government
funded "space programs" for ccean exploration were not going
to materialize led to the abandornment ©¢f many submersibles
under construction and to the lay-up or sale of almost new
vessels. All of the large U.S. ccmpanies, except Lockheed,
abandoned seli-Zinanced submersible construction, anéd the
field was left to a few small companies specializing in
submersibles and diver support equipment.

Since 1968, submersible construction and operation has
stabilized, arnd the pattern established since then seems
likely to con=zinue barring some strong new impetus £or deep
ocean exploraticn. Presently, governments and a few ncn-profit
research organizaticns maintain a small fleet of very capable
submersibles for salvage, surveying, sukmarine rescue, and
the installation and maintenance of underwater military and
oceanographic equizment. The U.S. Navy has a streng overall

surmergence capacility with the submersiblies Sea Cliif, Turtle,
(7

Trieste, and the nuclear-gowered NR-1 presently operational.
In the seventies, the U.S. Navy also acquired two "Deep
Submergence Rescue Vehicles" (DSRV I & II) cdesigned solely Zor
rescuing the crews of disabled nuclear submarines.

Commercial activity in the seventies has been dictated
almost completely by the needs of the offshore cil industry.

New oil field activity, primarily in the North Sea, has led to

" r
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the continuing construction cf a fleet of small but versatile
submersibles to build and service offshore drilling rigs and
pipelines. 1In 1976, for instance, there was a 30% increase
in available undersea vehicles primarily to suppcrt petroleum

activities,(7)

and if present trends in oil exploration - the
move to deeper depths and more extreme ocean environments -
continue, an increase in commercial manned submersible activity
will likely continue also. Generally, the zoint where
submersibles become comretitive with divers is a function of
depth, but this depth is much shallower in North Atlantic
currents and cold than in the Gulf of Mexico. Cne company

in the North Sea believes tihat this eccnecmic cross-over is as
shallow as 120 m., and submersible activity there reflects this
with three companies cperating 12 submersibles in 1977.(8)

Unlike the 1960's, submersibles today are carefully

designed to meet very specific mission objectives. Commercial
°1 Y

"
th

submersibles will become more depth-cagable, more cowerful,

[

1

(28

and more versatile in the future, cut this =wolution w

tr

occur slowly and only when definite needs ané econcmic

viability are demonstra%ed.

D. Present Submersibkle Power Svstems

Submersible gower systems today are dominated almost
completely by the secondary storage battery and more exactly
by the pressure-compensated lead-acid battery. Busby's(3)

survey of electric power sources in 97 manned submersibles
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reveals the following breakdown: 86 use lead-acid batteries;
6 silver~zinc batteries; 2 nickel-cadmium batteries; 2 surface
power; and 1 (the NR-1) a nuclear reactor. 1In 1978, an
oxygen-hydrogen fuel cell power plant was installed on
Lockheed's Deep Quest, and is presently being evaluated. A
summary of basic power source characteristics for representa-
tive sukmersibles now active is contained in Table 1.1. The
characteristics cf different power sources will be discussed

in succeeding chagters.
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CHAPTER II
DESIGN OF SUBMERSIBLE POWER SYSTEMS

A. Intrecduction

Because both human life and great expense are at
isk in any manned submersible operation, the seleatioﬁ and
design of a rower system must be a well-defined and carefully
executed process. Once the mission objectives and the basic

characteristics of the submersible are defined, the design
elements and constraints applicable to the power system must

be established, their implications understood, and the
relationships between them defined. With these desicn elements
in mind, feasible alternative power systems should ‘be identi-
fied and evaluated in terms of both past submersible practice
and present technology. rinally, because of the delica:e
interacticon between various systems, the identifisd power

systems shculd be comgpared in preliminary power system-vehicle

th

coniigurations, and selection made in a svstematic trade-cf
with well-defined criteria.

The power system consists o0f several components including
propulsion and auxiliary motors, lighting, emergency power
supply, instrumentation, and the distribution and control
sub-systems; however, the main power source has by £far the
most impact on overall vehicle design. Generally, the energy
storage and conversion sub-~system comprises 75-90% of the

total weight and volume of present submersible power systemsf3)




Although the general type and size of other components must
be considered, the power source itself will receive most of
the attention in early design and selection processes.
Finally, the design of the power system must be fully
integrated into the total vehicle design process. Manned

(3)

Submersibles by Frank Busby covers all aspects of

submersible design, and a proposed Zlow 9f events in pawer
system design from reference (12) is shown in Figure 2.1.

This chapter will review the imgportant elements involved in
submersible power plant design, examine the selection gprocess,

and survey alternative pcower sources.

FIGURE 2.1
POWER SYSTEM SELECTION PROCESS(IZ)

Power System Vehicle Vendor
.._;|Conceptual = Integration &y Evaluation &

Design Tradeoff Selecticn

Studies
T ™

Technology Power System Fower Power

survey .| Predesign System Systemnm
- Selection ] Design and

Installation
B. Design Elements

Major factors that must be considered in the design
of submersible power systems are:
.... Operating cdepth

.... Power source location and protection
.... Power source volume and weight

e s s




M — e, S o i Ao e

.... Vehicle speed and propulsive power reguirements
.+... Auxiliary power requirements

.... Endurance

.... Replenishment of power

.... Distribution and Control

.... Reliability and Maintainability

.... Integration with other ships systems

.+... Material compatability with sea water

.+.. Safety

.... Cost

1. Operating Deoth. This is perhaps the mecst sincle

o]

th

important environmental ccnsideraticn in all asgects o
submersible design, and it imposes many constraints on
the power plant. Pressure in the deep ocean can be
approximated by ignoring atmospheric pressure and assuming
linear variation in the density of sea water with depth

as:

P = .444d4 + .3 osi {1}

where d i1s the degth in feet. Thus, even a moderate

operating depth ¢f say 1,300 £t. reguires that oressurs

]

e
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(6]
[
[
n
'¢
0
ot
2]
(o]
[
(M
(r
vy
9]
)
s
W
[\
+
f
(@]
1

vessels must ke designe

’l
o

sgheres.

Designing structures to resist extreme pressures
results ininternal stace that is both smell and difficult
to arrange. Although stifiened cvlinders arse scmetines
used at shallower depths, a sphere is the mest efficient
shape, in terms of its weilght to displacement (W/1)

Ly

ratio, forresisting external pressures. All active

th

+

submersibles with a depth capability exceeding 2,500




- 23 ~

use a sphere as the main pressure structure.(B)

Pressure is one of many factors which dictate small

¥

a hollow

th

size for submersibles. The collapse pressure 0

.

sphere is proportional to the sguare of its shell thick-
ness to radius ratio (hz/Rz)}4) An extreme example is
the Trieste II. Designed for 20,000 £t., she has a high-
strength (d¥-100) steel pressure srhere which is 84 in,.

(

in diameter and frem 4 to 6 in. thick.

2. Power Source Location and Protecticn. There are

three basic choices for gower scurce containment:

a. Main Pressure Hull. As menticned akove, <=he
pressure hull is usually a small cylinder or schere,

+

and internal arrangement spac

@

is limited. Locating

-

the power source here wil

t—

either decrease the payv-
lcad and internal volume availabla, or it will
increase the size and weight 0f the hull. Svstems
using caustic 2lactyrolvtes or inilammabpls £1uilds

. . - . . + .
may cause increaseld safety problems lccated in the

cersonnel sphere. Ad:s

<

arntages 1n this systam Include
easy adaptability of surface cdesigned batteries, ease

of maintenance, simple circult design, and maximum

'—l
[¥e]

protection Irom sea water., Although scme ccmmercial
submersibles with limited depth capability locate
their main power sources in tahe rersonnel schere,
more advanced systems usually use this schens

only for emergency tatteries,
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I

b. External Pressure Capsules. Many small com-

mercial submersibles use this method of containment

for battery systems,(B)

and it is the method chosen
for the alkaline fuel cell system developed by United
Technologies for the DSRV and presently installed on

15 - . .
(15) External containment £freses space in

Deep Quest.
the main structure and isolates dangerous liguid or
gas from the perscnnel sghere. OZften exterral

battery pods are droppable to provide emercency

buoyancy. The disadvantages cf this system are

increased total weight, the necessity of engineering i

]

separate pressure structures, and increased drag if
capsul2s are mounted external to the main fairing.

c. Pressure Compensating Systems. Of the three,

this method of con*tainment is the cne used in mcst

modern submersibles,(3)

and its one advantage -
minimun total weight - 1is important encugh in sub- :

mersible design to overcome many »roblems exgperi-

enced in actual oceration. Disadvantages associated

with pressure compensation include difficulties in

e o ciim i

maintenance, salt-water contamination, andé problems
associated with gassing. A complete discussion of
battery compensating svstem configurations and

problems 1s available in Reference (1l6). In general,

battery cells are surrounded by oil which provides

insulation and pressure ccmpensation. Provisions




must be made for pressure relief, for draining the
system, and for preventing evolving gases from
carrying electrotve ocut of the battery. The latter
problem has been encountered in lead-acid systems,
and was the cause of early grounding problems in the
DSRV Ag-Zn system.(l7)
Fuel cell and heat cycle syvstems which usa
liquid fuels and/or oxidents may also use pressure
compensated or hybrid containment systems. The
Asthcom hydrazine-hyvdrogen peroxide fuel cell system
maintains both reactants and cell at ambient sea
pressure.(ls) Brogosed heat cycle systems would use
encapsulation Zor the energy converter and prassure
compensated tanks for fuel. Oxidant might ke
carried as compressed oxvgen or hydrogen peroxide

(6)

liguid. Liguid reactants, if avallable for an

efficiant, light-weight energv svstem, could provide
near neutral buovancy In a pressure compensated

arrangement.

3. Weight and Volume. In general a submersible rower

system should be as light and a nearly neutrally buoyant
as possikble. Excluding bathyscaphs and exceptional
vessels like the NR-1l, manned submersibles *end to be
small. Seventy active submersiples listed in Reference

(7) average about 6 m. in length and approximately

9,000 kg. in éry weight. Besides pressure mentioned above,

|




there are several reasons for this. A small, light
submersible will be less expensive, easier to handle and
transport, more capable of close-in work, easier to
maneuver, and subject to less hydrodynamic drag. 1In

some larger submersibles like the DSRV and the commercial
NGS, maximum dimensions are limited by air cargo holds,
and most submersibles must ce easilyv launched and

- . (1
recoverasd at sea. :wnclalr( 9)

estimates that cnly 30-40%
of the capital investment of a system is in the submarine
itself. Increasing size not only costs more directly,

but requires larger and more comgplicated support ships

and handlirng eguipment. .

Depth capability rrovides strong impetus for keeping
power systems light. In a complete submersible, the sum
of all weights must equal the weight of seawater displaced
by all volumes (see Appendix 1l). Because of the %thick-
ness oI hull required, the buoyancy provided bv the
pressure sphere Is rarely enough to suprort the whole
vessel, and in very deep diving submersibles, the prassure

sphere itself is negatively buoyant. The syntactic foam

usually used as positive ballast is expensive, and maior
systems external to the pressure hull, such as the power
source, should provide minimum possible negative buoyarcy.

4. Energy Reguirements. £t is difficult to generali:-e
Sy 1

about the total amount of erergy reguired for subkmersibles.

Table 2.1 summarizes predicted reguirements for different

A

— Ay _ iatant e Jaanie i, ebikbbibditb i o . J
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missions from Reference (15), but actual needs can vary
widely from these ranges depending on the vessels size,

the actual tasks performed, and ocean conditions.

TABLE 2.1
POWER REQUIREMENTS(IS)
Power (KW) Maximum
r Mission Ave.  Max. Duraticn (hrs)
Ocean survey/mapping 20 40 12
Salvage/recovery 30 60 8
Rescue 20 40 2
Search 10 40 12

The best procedure for sizing energy systems is that

recommended by Busby(3)

and followed in References (20)

and (2l). Once power reguirements for the variocus ships
systems are known, a power spectrum against time can be

] ccnstructed for expected missions and emergency conditions.
Figure 2.2 shows projected power sgectxums £cr a 15 <on
Canadian submersible with diver lcck-ouz and suit heating

requirements. The most carefully constructed pcwer

spectrum, however, cannot predict exact cperating cir-

cumstances, and power system designs are assigned margins
as aigh as 25-50%.

a. Propulsion Power. Prcrulsion 1s usually the

major power load. The power required to drive a
submersible underwater is given by:
- % 3
P =KV {2}
where Kd is a constant depending on water density,

L—. S et - il . i - PRI Y . FIETTIZENE S




surface area, and drag coefficient, and Vv is
velocity relative to the water. Formula 2 reveals
the great cost, in terms of power, ¢f increasing
submersible speed or of operating against strong
currents.

Propulsion systems are covered extensively by

Busby. (3

W

les us

o

With few exceptions, submersi

electric motors to drive screw propellers eiihe

w
H

Girectly or hydraulically. Generally, the weigh:
arnd volume oI electric motors and Zérive systems is

small compared o the energy storage system, and

. (22)
Lund and McCartnevw

efficiency at the expense 0f size in order to lower

recommend maximizing motor

total energy reguirements.

b. Other Loads. After prcpulsion, external lighting

and manipulators or cther work systems are generally
the greates:t consumers of energy. The Deer Quest,

a large and nighly capable sukmersible, carriss a
total oI 9 XW in lighting, while sven 3 modest vessel
like the Pisces 1 has two 1,000 wa:tt external

lamps.(g)

Power for manipulators and other external
tools is, of course, highly derendent on specific
tasks. Suit heating for the lock-out submersible
planned in Reference (21) would reguire 10 XW, half

of the total installed power, and a modest under-

water welding capability would require as much as

S e ST L0al et e




16 xw. Y

Besides the variable loads of propulsion,
lighting, manipulators, and other work equipment,
the power system must maintair a relatively constant
load for life-support eguipment, navigation aides
such as gyroccmpass and sonar, communications eguip-
ment, and monitoring instruments. For a typical
submersible, these "hotel" lcads total on the order

of 1 xw. 3

-

3. Endurance and Replenishment of Energv Systems.

Habitability conditicns aboard most submersibles limit

(3)

single dive time to around 8-10 hrs. while endurance

of power.systems is highly degendent on the specific
mission. A typical commercial submersible on a task
regquiring little propulsion might go through two or three
crew changes before battery recharge, while a high sgeed
{2-3 knot) orgeration would be limited to one or two

hours. Ideally, the power svstam shculd be designed so
that in ary mission it is not the limiting factor.

Failing that, the goal would be as much energy as gossiktle
within the design constraints.

Replenishment of present systems is cenerally
accomplished by recharging batteries after the sub-
mersible is secured aboard its support vessel. Charging
time is on the order of 3-12 hrs.(g) The design id:=a2l in

this case would be power replenishment in the same order

R U
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of time as crew replacement. A new commercial sub-
mersible, the NGS, features compensated lead-acid

. \ . 11
battery packs which can be guickly lnterchanged,( )a

the gaseous hydrogen and oxvgen £cr Deer Quest's fuel

. . (13
cell system can be replenished in l2ss than one hour.' )
In advance systems which require liguid or gas energy
storage or use unfamiliar technology, the design eZfort

must deal Zully with replenishment arrangements.

6. Power Distribution. TFew generalizations can be

Py

made about tcwer distribution systems. Some submersibles
use cnly d.c. power at one voltage level while others
require several different voltage levels of both d.c.
and a.c. power. The general power distribution svstem
for Sea Cliff is illustrated in Chapter IV and ceneral
guidelines for distribution systems design can be found
in Busby.(3)
Items of primary ccncern in power distribution
systems are:
a. Redundancy and reliability in the primary system.
b. Protected emergency gpower for vital systems.
¢. The design of hull penitrators and electrical
connectors. (An area of vital concern and much

innovation in submersible desicn, this is
addressed in detail in References ¢ and 23.)

d. Cable, junction boxes, and distributor parels
that are watertight, encagsulated, or pressure
compensated.

e. System design to limit electrical interference
with electronic instruments. (A serious problem




in past designs, this is treated extensively
in Reference 9).

7. Qther Factors. The implicaticns of cther design

elements are more self-exglanratery or derend strongly
on exact reguirements cf the indivicdual design.

Acquisiticen and operating ccsts, reliability, and

'~

[N

maintainabilit

b

are impcrtant consideraticns in any

W [P
Lohersio.i2

joN

€3 LY

+

n. Clcselv related £ ccst and main-

\\9]

ta2nance would be factors such as the develormental risk
in new systems, ccmmcnality with other svstems, and the
avallapility cf orerators trained in particular zcwer
plants.

As in any system desicned for ocean-cperations,
materlals must te examined with resgect o their
corrosicn rasistance 1in sea water, their cecmpatakility
with fuel, cxident, and, 'or electroly=ze in the tower

svstem, anc their cal-vanic behavior with other veniclsa

macerials. 3ecause submersibles musst crera<: in seas
- 1 3 - e = = —~ - —~ -
during launching and recovery znd are sublezt 2

Submersible overaticns are irherently dangercus,
both when submerged and during¢ surface nhandling, and
numan safety must be a primary concern in any scower

system cesign.
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3. Summa
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rom the above discussicn, some of the

desirable attributes ol ccwer systerms for small sub-

mersibles are as follows:

a.

b.

Maximun power density.

External encapsulated or gpressure compensated
system with minimum possible weignt/d‘splacement
ratio.

Size and configura<ion easy %o arrance withi
the streamlined external fairing.

Sufficient power o meet reguired loads and

Sufficient energy £¢ meet all mission profiles
with reserve for emercgencies.

Replenisament of zower in smallest rossibl=2
time., (Icdeally, same ::der cf time as crew
replacement.)

Dis‘**but ow systam with high reduniancy,
minimum hull genistratizcns, and mininum elactri-

cal interference.

L. Seprarats emergency Icwer svstem 1o the zersonal
sghere to operaze life-suppcrt and otnher wizal
equigment.

i. Wininum acguersiticn and gTerating Soi4s
consistent wizh Zesizn regulraments.

j. Maximum possible reliazilizw, availabilisy, and
maintainapbilicz:.

x. High degree of persoral safety in both cperaticn
and suggcer:.

c. Selection Prcocess Zo0r a Tower 5vster
y (12) L - = - - - bl [
Ri1ich suggests that a systematic selacticn

methcdol cqYy

This guocedur

snculd bSe aprlied tc submersibls sower sustems.

e, developed largely in aerosrace applicaticns,

-4
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requires identification of the impcrtant selection criteria
such as the "design elements" listed above, *he assignment of
aumerical wvalues (weighting factors) to the relative impor-
tance of each criteria, and the grading of each alternative
system. Grading is on an arbitrary scazle (say from 1-10)

ng on how well a system meets a given srecification.

[

depend
For each alzernative %the troduct of weighting'factcrs ard
g

Although it is scmewnat artificial, and heavily dependant on
the evaluaters judgement, such a grocedure can be an imgcrtant

Zesign tocl. I+ forces evaluaticn of a given syvstem againsk

p)
10}
[N
(@]
Q
o
(]

3
(B
)
(9]
O
jo ]
U
b
[#]
19
rt
fu
(a3
+
J

b
Uy
g
]
3
b
[
o
)
U
[¢)]

ot
n
(r
i
2}
n
%
1)
0
¥

i

e
(1]
of

design ragulrements will e compared as to thair aczulisizion
and ggerating IC3ts, or =he will ze ra2laxed =c
£z 2n aficriazle sirstam.
z. Alternative Enery. Scurces

Alternativa metihods oI primary energy focaversicn are
sacwn 1n Flgfure 1.3, Jenerally, =nh2 electrcschemiczal srstemz -
Iiel Cells and storaze hattaries - have much hisher conversicn
2fZ1cientias than alternative -etncds.  Ilectrochemical
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important increase in entropy, and they avecid the ineffi-
ciencies associated with engines, boilers, and turbines.
For conversion into electrical energy, the watt-ar., (wnhr)

efficiency of lead-acid storage batteries at normal discharce

rates is between 73% and 80%, while efficiencies for H.-O

fuel cells are thecretically as high as 903 and for existinc
systems range betwesn 503 and 753%. {(Fuel cell eZficiencies
are discussed Zur+her in Charter III.) In ccmpariscn, valuss

ascribed tc thermal engines are much lower. CEstimated

efficiencies for alternative closed-cycle combusticn 3ystems

(38

3

o0

are as follows: Diesel ; Wankel 18%; Stirling

Brayton 32%.(21)

Conventional thermal engines heve much
higher eifjciencies (Diesels range £rcem about 30-433) than
tﬁese specizlized systems, but still lag well behind elactro-
chemical systems. CTresent thermcicnic and thermcelesciric

generators cnerate at less than 103% efificiency.

Many other characteristics besides efficiency mus%t e
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have corparatively low energy density, while avallapls Zusl
cell systems are relatively exrensive. However, th2 hicgh

efficiency of electrochemical systems makes them competitive
in the long run for anvy portable ens

Currently, only three basic scu

[4]
t
n
(1]
(9]
QO
3
[oF
v

used in small submersizle
cells, and surface power. Fuel cell

detail in Chapter III. Here the basi




other pessible svstems will be reviewed.

1. Batteries. As mentioned in Chapter

chemical storage batteries have a long hi

marine apglications, and are presentlyv the overwhel

choice for manned submersible zTower svshe

fl

eficiency mentioned by L. Y. Sgear in 19

"The storac¢e hattery [is] admirabls
scme resdects, but exceadingly inade
in others., The oprincizle oblection
the well xnocwn one ¢f 2xcassive wels
n preogorcicn ko the Zower

and srpaca °
e n

S qer b=~ hl = —~ - - .o o
tccay lead-acid baztary sysoanms
T e s IS - - = [ P < o= -
“alking abcuaz, this critism 1s 52111 32zl
-
= y - = - =] - -~ - 3 R haslt= - hl — -
many prasant ancd griisected sufmersibla mi

The bpasic
£ some svystems ceniigured for submersibl

listed in Table 2.2 reprcduced from Reler

a comparison of sgecific enercy andé energ
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sresent and advanced systems from
shown 1in Figures 2.43a and 2.4B.
promising advanced systems will b

a. Lead-Acidé Batteries. Le

the standard for manned subm
reasons. They are well prov
reliable, ard easy to servic
relatively high cell voltage
cycle (apgroximately 300 dis

commercially available in un

o]

ressure~ccomrensation. Thei
are, again, low energy densi
ated with electrolyte spilla
submersible systems are Capa
n - Lo, (2
at a 6 ~r. discharge rate.

Advanced lead-acid svste

whr/Kg at the expense of gre

-

Reference (22) are
Only a few of the most
e discussed here.
ad-acid batteries are
ersibles for many good
en, inexgensive, rugged,
e. They have a

(2.0 v.), a lon

[te]
[
b
th
1]

charge cvcles), and are
its designed Zor

r major disadvantages
ty and preblems associ-
ge or leaXage. Present
ble c¢f about 26 wnr/Xg
2)

ms are cazable cf 42-87

atly reduced cycla-

. 24) - : :
ll:e,( ' and the Derartment of EZnersy 1s sconsoring
dewvelopment 0f lead-acid svstems Ior eleciric
rah i n 240 e . (22) 0 Loy
vehicles with a goal of 40 whr/Xg. rairly

recently, lead-acid batterie

Cq e (29
have become available.'® )

s with paste electrclyte

Although they have

about the same energy density as present submersible

systems, these batteries are not subisct to leakace

due to battery orientaticn.

b. Silver-Zinc Ratteries.

At appreximatel:

A
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110 wh+~/%g, AG-Zn batteries have four to five times
the energy density of present lead-acid svstems.
They are used as primary power in a few advanced
submersibles and provide emergency pcower on several
vehicles. Other advantages of Ac-In batteries are
good tolerance to nhigh discharge rates and long
dry storage life. On the other hand, Ag-In have

several serious deliciencies. Thev are exrzensive,

th

have a short life (10-20 cvcles) for deep di

scharge,
(24)

and have a wet storage life of 2-18 months.

In the past Ag;Zn systems have also had reli-

ability problems. A survey of Ag-Zn installations
. in seven different venicles shows two failure modes:
internal shorts and a gradual loss of capacity with
cycling which is nct generally predictable.(27)
The DSRV AG-In system, reguiring multi-drive, rapid
turnaround nissions, was plagued with grounding ard

early loss of

capacity. The grounding problems were
eventually traced toc XCE electrolvte being forced
cnto the tops of cells by gassing and were corraciad
with new batterv caps, but there is still no
reliable method £for determining the state of charce
of AG-In batteries. With improvements, the DS3V
battery system is limited to about 9 cycles before
(17)

replacement.

c. Nickel-Cadmium. Ni-Cd batteries are gresently




used in two manned submersibkles.

- 43 -

(3) Although they

have a slightly hicher energy density and a
comparable cycle life, they are more than twice as
expensive as lead-acid battaries and have a low
cell voltage (1.0-1.3 V).

In the past, Ni-Cd batteries were desirable

Py

because they were available zs completely sealed

cells. With the develcoment oI ssalsd, zaste-
electrolvte lead-acid batteries, 1t is doubtiul that

Mi-Cé batteries will be competitive as majior power
sources for submersibles.

d. Advanced Secondarv Batteries, There are many

secondary batteryv svystems ncw under development
which could be used in future undersea agplications.

The predictad characteristics oI likely systems are

shown in Table 2.2 and Figure 2.2. The mest
promising amncng “hese still recquire sizniiicant
reseaxch, and tihsy have cperating characisris=ics

'. 4
o))
iy
4]
3
fu

which cou
The lithium-metal suliide batteries, ZIor examole,

may be carable of 1535 whr/Xg for as much as 1,300

cycles, but they must ogerats above 100°C. with a
. (22)

molten salt elzactrclyvte.

e. Advanced 2rimary Batteries. Two primary

(un-rechargeaplie) battary systems aptear to have

sicnificant potential for submersible applications.

]
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The lithium-thionyl chloride bhattery has

extremely high energy density (500-600 whr/Xg),

a cell voltage of 3.6 V, long operakting life, gcod

low temperature gerformance, good veltage ragulat
and can ke pressure-equalized for submergence.(25
Early batteries would explcde if short circuited
or if exgosed to high temperatures, bhut these
crcblems have been corrected in recent versions.(
Cther problems have been short shelf-life and

sensitivity to cell orientation. Althouch it is

ion

)

223

b /

crimary cell, the lithium-thiovnl chloride battery

is reported to be economically ccmrezitive with

Ag-Zn secondary systems.(24)

Another promising primarv svstem is the lithi

water battery. In this system, 3 consumable lithi

(or lithium allow) anode is ccupled with iren or
nickel cathcde structures. Seawater electrolyte
circulated tarough the celil, ani the power lavel

aos1i-

acdjusted by contrecliing the 2lectrclvyie com
(25)

N$J

tion. Several refinements o the pasic cell
have been made, and a 25 kw lithium-water-hydroge
percxide battery under develovment i3 expectad %o
yield 440 whr/Xg at a 39 hr. rate.

ther Power Sources

a. Dvnamic Converters. A number of dyramic

machines have been prorvosed for submersible power

n
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sources. These include open and closed cvcle com-
bustion engines, closed cycle engines using heat
storage cor radiciostope energy, ané mechanical
energy storage systens.

1. Combustion Engines. Among candidates in

this class are piston, Wankel, Stirling, and Bravton

[D

n
P

engines. Advantagss are high specific

'Q

cwer
high power densitv. pen cycle combusticn svstens
regulire overboard elimination oI exhaust croducts

resulting in increased fuel ccnsumpticn with decth

and a constantly changing kallast conditicn. Closed

cycle systems reguire onboard treatment and stowadge

of combustion oroducts. In this rescect, hvérogen
fuel (although storage efficiency is pcor) is
attractive because it regquires lsss oxycen for
combustion than hydérccarbon fuels and because the

. . : 5 21
product water is relatively easy to handle. (21)

General disadvantages of ccmbusticn engines conmrsarad

to electrochemical systems are noise and vibration

with high gower, but low total energy reguiremants
A recent Canadian Government studv found that

10 kw closed Stirling system with waste hea:

provisiocns for dive heating was the prreferred

option among engine svstems for their 14 %fcn sub-
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mersible.(zl) Aeroject-Gen=2ral has develored 2

closed cycle diesel system in “wo zackages (63 and
1,000 kxwh) which completel: encazsulate the energy
system. The 1,000 xwh module Is 4 £t. in diameter,

20 ft. long, and at 16,000 1zs., has ap

'y
5}
0]
<
H.
1
fu
(t
1]
b

b

. . \
the same enargy density as the Ag-2n batter'.(3’

2. C(Clecsed Cvcle Zncines wWithecut Combus.ion.
Several schemes have been provosed Icor using engine

systams with thermal energy storage or racio-

iostore nheat sources. The Stirlin

Q
1))

ngine is often

mentioned for these aprlicaticns due to i%s high

Thermal enercy storags in the form of sensikcle
heat storage ccmbined with a closed cycle engine
could rasult in a relatively simple svstem with a
nigh cycle life. It has pe=n estimated that lithium

ayérile could grovide energy shcrage up &2 .14 Xwhr/

l;

Xg not consilering conversicon ecguicrment, and
i . - = . 3~ BR -
sensibla hoat stcrage has zeen demensirared wisth oa

closed Brayton cycle engine. Problems exist in
the stowage of hot materials with high sensible heat
and, 1n the case of nvdrides, with naterial

e . e - : “ (22)
embrittlement. According to Lund and McCartney,
this scheme is test sui:=2d to missions where high
weight and veciume are accectable trade-cffs for

simple operation. Thermal storacs systems using




rhase change in incrcanic salzs are also con-

ceivable, althcugh

ne ractically develzozed,
(12,13,

)

cf
[l ]

9

Some studies have sucgestad radlio-
isotope heat sources for closed cvcle tower con-
verters; however, high costs, low zower density,
high total weight with reguired shizlding, and

biclogical hazards maxe *trhem unlikely candidazes

for manned subnersibles.

3. Mechanical Enercv ftorace. Zenerally, these

systems have a hich power~co-energy ratio but a

-

specific energy lcwer thar modsern szcrage hat-

(22)

teries. Advanced flywheels migh= have aggiica-

tion in a system recyiring high short~-term pover,

(84

but this reguirement dces not apply Lo submersible

systems to nearly the same degree that 1t doss Lo

surface vehicles. Ccmpressed gas energy storage is
simple and cheap, but even at hich prassures Troviles

apout half the speciific ensrgy ¢l lead-acid

. (22)
batteries.
b. Thermoionic and Thermcelectric Generators. The
direct conversion of heat to electricity, althcugh

promising in terms of system simplicity, dces not

]
f_a
o
}—l
f—
}s
o
th
o)
41

appear to be a near term Dos subnersi-
bles. Current thermoelectric pcwer converters hava

efficiencies of less than 10%, and thermoionic
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gas fuel is fed to the anode where ii reacts with

nydroxol ions to croduce water and elasctrons:

=

2H, + 4 OH™ > 41,0 + de” (

while at the cathode, oxvgen ccmbines with water and

electrons to rerlenish hydroxol ions:

0, + 2H,0 + 4e” ——  40H (2]

A cell with acid elactrolyte operates in an ana-
logous fashicn with hydrogen ions “"carrying" %the reaction

and water Zorming at the cathcde (see Figure 3.1):

20, —— a5t o+ ge” [3]

+ 487 + 17 —5 2u.0 [4]

O, 2

In kboth cases, the overall reacticn produces watsr

‘g

with one Faraday of charge released at the ancde Zor esach

gram-atcm oI hycrogen consumed, and %@ net reacticon i

n

2, + 0, —3 245.0 (5]
2 2 p
Even £cr the simgle E,-C, cell, the actual reaction
mechanisms are much mcre comrplicatad than indicasad
apove arnd depend on many factcrs such as exact electreode
materials, electrclvte composition, and the electrical
state of the cell. The thermodynamics and kinetics of

electrochemical reactions, with svecific regaréd to fuel

(=

cells, are discussed in detai

s

in Reifierences (28), (29),

{30) and (31).
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3. Efficiency ol Fuel Cells. The comparatively hich

efficliency of electrcchemical svstems is remarked cn in
Chapter IV. The isothermal efficiency of the hydrogen-
oxygen cell in Figure 3.1 is 83.1%, and actual overall
efficiencies ©f operating 52—02 systems range freom 5C3
to 75%. The major losses are due to heat produced by
the change in entropy of the reaction system (TiS) an
due to irreversibilities in the reaction prccess. OCther
inefficiencies occur pecause of the diffusicn of Zfuel cr
oxicdant across the cell causing direct (vice elactro-

chemical) reactions and due to reactions o7 other

chemicals in the system. The thermodvnamic definitions

of cell efficiendy are reviewed in Apgendix 2. Zor total

system efficiency, the power reguirements of system

auxiliaries such as resactant and electrolyte cumps,

heaters, and controls must be considered. In typical
systems, these auxiliary requirements will rerresent 5%
29)

or less of total pcower outgut.

~1 = - =4 . -
. Classifica<ion of

generally classiiied by three critaria: reactants,

electrolyte, and working temperature. A recent review cf

— 3
fuel cell develorment v nordesch( o)

shcws a great

]

‘h

<
L=y

)]
)

variety of rossible call configuraticns.

th

sent research, examples range Irxom megawatt level power
plants using molten carbonate electrol:ite, hyérccarken

fuels, and air to biological cells burning glucose and

4
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oxygen from the blood zroviding power for artificial

hearts. High temperature cells offer greater flexibility
in fuel and oxidant usace and reduced catalyst reguire-
ments, but are generally in the develogmental stage.

5. Electrolvytas and Electrodes. Given specific

reactants and operating conditions, a fuel cell's perfor-
mance derends on the nature of its elactrcodes and
electrolvte,
Electrolvtas.

a. Tvsical elactrolvte

< -

temperature cells include acueous soluticn

(97

sulfuric acid, rphosphcric acii, or

ide., Ion-exchange membranes, such

rolymer electrolyte, are also used,.

[
32N
[
92
n

0oiling zoint of wat

o
'

operate much above the

or b

-

asic solutions

{29)

-
pe

h

concentrated aci

very
b

g

-

3 molten alxaline carbcnates.

1)

0°¢C,

1
0

current.

Conversely,

tion

of lcwer pclari:za

the elactreclvte
conductivity to prevent self-
temrerature
lv sugerior

losses ax




reduced corresicn of electrode and cther svstem
metals. However, in systems where carben dioxide
can enter the electroly*e (as a product of aydro-
carben oxidation or as a constituent or impurity in
the oxidant), carkonataes can form in alkaline

(28)

systems causing cell decradation. Because ol

recent advances, solid golymer lon-exchange

«t

membranes are a very a%ttractive electrolyte svstem

polvmer system will be discussed in detail below.
Depending on reactants and cell censtruction,
reaction prcducts may aiter or diluts +the electro-

: -

lyte recuiring constant electrolvte treatment, and

4

in a2ll cases rrovisions nust be made for removing
heat f£rem the electrolvte sy sten.
b. Electrodes. 1In order t2 achleve nigh specilic
power, electrodes must previde a large effactive
arsa for reaction processes ccmparai to
dimensions and weight. Electrodes must alsc havs
high electronic conductivity, and should ze capabls
of nandling high current densities. Clectrcede
materials should gremota the reactlicon at the
highest possible rate, and th2 srtecific catalrsts
used in a Iuel cell cerend cn the naturs of the Iuel
or cxidant and 2n working condi<icns. In H, -0,

2

cells, platinum or platanic allsosvs generally




catalyse the ancde reacticn whils cathodic

lysts include platanic metals, gold, silver
carbon, and scme interrmetallic ccmpcunds.(z
mechanisms of catalytic electrochemical rea
are extremely ccmplex, and in general, only
enplirical studiss accurately predict a spec
catalvst's zerformance.

Because praclsus me+tal catalvsrs are on

systems requirs lower actiwvity catalvsts (r
at higher thermal energy mcre easily excesad
activation enargy of the rsacticn), tut thi

balanced against the chemical stability of

cost of precious metal catalv/sts can be rec

reprocessing.(ls)

6. Tuel Ca2ll Develovmen=. The ccnce

"
t
O
in
th

enerzy conversion was prccosed by Davy at the be

2f the ninetesen*nh century, and W. R. Grove crera
hydrsgen-oxygan cell in 1839. Since then, t

nave peen pericds cf hizh interest and exgerimentation

cata-

, nickel,

9
) The

ctions

ific

[}
o
1y
10
o}
a8

bt
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followed by pericds of disenchantment and neglect. 1In
the past twentv yvears, significant advances have reen
realized in fuel cell techneclogy, and a great variety of
cell tyres have been progposed and tested.(G) Despice
this, relatively faw complete Zfuel cell power systems
have actually been built. The 13 systems listed in
Tacle 3.1 probably resresent a nmasority, in total nurher,

of the fuel cell rlants with

o
{u
(9]
[41]
'y
2
0O
™
(t
[39]
ts
(]
fu
fai
(U]
s
ct
oy
fu
o

one RW built in the United States.

[

The only sustained non-experimental applicaticns for

fuel cell power have bkeen in space flight., Since the

Zirst Gemini cell was delivered in 1353, fuel cells have

provided reliable, lightweicght energy svstems in many
space missions. For the Arollc orogram, United
Technologies delivared 90 power plants to NAS3a, and 16
Zlights involving a total of 10,730 aours of operation

{135

were complated. In general, sgace power systens ars

ccmpetitive because their cost is cffset b
density wnhich reduces the overall weicht to be boosted

into stace and because power systam hardware 15 a

be ]
0
@

relatively small part of tctal missicn expe
Many other mcbile azpilications Icr fuel calls have

peen tested. These include cars, trucks, nmotorovceies,

tractors, and gortable generator sets. Tor road vehicles
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fuel cells cifer clean, noise-ZIree gropulsion; hcwavar,
present svstems do not zerform eifficiently over theo
large power ranges required. A promising apcrcach com-
bines high power density advanced batteries Zor accel-
eraticon with fuel cells for sustained low-level power and
battery charging. Unicn Carbide %Zested a hvbrid fuel
cell-battery system in the late sixties,<
company nlas since drcored out of Zfuel cell rasearch
Although many technolcgical and sccncmic barriers
must be overcome, Iuel cells appear to have a grenmising

future Zcor utility power. Small (10-40 XW) autonomcus

3

generating plants using natural gas and air have been

»

tested by Unité&é Technologies in over 35 separate

installations and have prcduced approximately one millicn
)

kwh of electrical powe:.(l5 The General Elesctric solid
polymer electrolvte ce2lls could conceivably ke used in
large lcad-lewva2ling svstems - orerating to hvirolvze
water during perliczcds ¢ low demand and in a Zuel cell
mcde to provide power during demand zeaks, FPrimary gower

generation on a large scale may scon be availabls with

molten carkonate systems. Such a svstem using methanol

derived IZrom ccal ané air could crovide utility rower

at unprececented efficiencies with few tollution prcolerms
Finally, fuel cell systems offer an alternative

ccwer scurce for submersibles. der

e}
Y
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elorments and
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present

acts
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or this will be the subiect of the

next sections.
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distribute reactants and ccolant to the machined
passages in the plates.

The PC-15 ccnsists of 120 cells and asscciated
separator plates compressed between two stainless
steel end plates with insulated titanium tie-rods.
The separator plates at each end of the unit have
extensions for external cower cables, and cne end
zlate has openings which line up with the intsrna
manifolds and interface with reaciant and coclan<
systems in the accessory section.

The Accessorw Secticn - a general schematic of

the PC-15 systam is pictured in Figure 2.4.
A reactant gas regulatcr maintains gas pressure

at the elactrodes at appreximately 60 dsia under zll

a,
'y
O
0
1]
w3
u
3
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fu
or
tu
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fu
LA
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t
tg
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pe
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fu
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3

14 ft¥/min by ths motcr-driven fump-sersarator,
Water is ccndensed, separated, and pumred €O
storace.

A motor driwven coclan* pump circulatss dialec-
tric flucrocarbon coolant through the Zower secticn,

the condens=r, and an external heat exchanger. 2

valve downstrsam frcm the pump ccentrols Ilow
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valves maintain pcwer secticn and condenser
temperature by nixinc coolant from the power sec<zicn
and the nheat exchanger. Temperature schedules oI
the thermostatic valwves are cocrdinated to maintain
temperatures so that water is removed frcm the
system at the same rate at which it 1s produced. A

coolant accumulatc
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changes in ccolant density cdue to temperacture

hea*. exchanger with depth.

Cther major compcnants of the accessorv secticn

are:

.. An inverter groviding 469 hz, 3-chase,

115 V. power for gumps and 28 Vdc for
electrical control elements.

.. An internal contrcl unit which monitors
operatinc conditions and pcwer output,
controls cell hesaters, and includes auto-
matic shut-down curcuits.,

.. Electrical heaters croviding 4.7 W for
start-uz heat and 1 XW to maintain
czerating temperatures at low tcower lavels.

As described zbove, the PC-13 needs cnly pressurse
contaiament, hydrogen, oxygen, piping, and ex:ternal

h
4

controls to

Us]

rovide a complete Zusl ca2ll power
svsten fZor submersibles.

The DSRV PC~15 Svstam. Fi

tic of the Zuel cell svstem engineered (althcuch

never installed) for the DSRV. This sysitem




includzss twe PC-13 zcwer ctlants oncased In axster-
nally rib-sziffaned cylinders cf HY-12) steel.

Each cvlinder is 72 in. lcng ancd 138 in. in diamec=r,
Reactants ars sitored az 3,000 sl - nydrcogen 1noIne

67.8 cilameter sphere ©
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33.8 :n. spheres of HY-130 steel. The croduct waisy

s=eel and is maintairned at cell ogzrating frassurs
(50 psia). The reactant srstan ©Is ties afIZzTHi-
mazelwy 720 kwh OF energy. The <ccomplate sUstIn
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CATHODE g
(CATALYTIC ELECTRCOE) 5%

(4 = 4H + Co=H-0)
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.

(a) OXYGEN. Hydrogen peroxiie (3207) storacge
Ior oxygen was investigaced in the"f8asibility
studyr for a pressure-balanced svstem fcr the
DSSV and has Dbeen suggestzsd in several sctudles.
t can ce decomgesed in a catalwytic reacter
operating at ambient deegr sea crassures. (36)
Because the deccmpeosition 1s exothermic, the
preduct C» and water vacor leave the reactor ath
high %temrerature (700°C Zor the DSSV), and sub-
svstems must be provided Ifor ccoling, condensing
and removing water.
- . . (29 5 . L (37
(b) EYDRCGEN. Ammconla’ ) and methancl )
nave peen 1nvastigata2d as chemical scurces oI
hydregen Zor militars submarines; hcwever, <he
processes rsgulred Izr the conversion coi these
ccmpounds would be difficuls to adapt Ior small
submersibl=s.
36)
Urbach and wecerner suggest matal hydrid-
sea watar reacticns as a scurce cI hydrecgen.
In a systaem tastad +tc 241 bars, a lapcratory-
siz=d Kipp generater using lithium hydride and
sea water yiealded hydrogen exceeding 92% oI
theoretical values., The prorosad svstem would
use ambient pressure containment, and with H,05
as the oxvgen source would grovide a rezactant
system with a tstal sgeciiic weignht of 1.3075
“g/kxwh.
1, Metal Hvdride Swvsiams IZor idrcausn Stcrace.
AR P 1 = e A > T o, . 1 -— -~ P, -
1etal nvdrides with relatively lcow h2ats I Zorma-
—ion may cifer a n=2ar-term mezihcd Ior ccnwvenlentc
stcraje oI low-zrassura nydrccen.
The metal s3ysTems react reversibly with hvdrcosn
as Iolleows:
2 .
S M+ H, = S MHE
X 2 X X
During the nvdriding cycle, illustrzzed py Tigure
3.%, hydrogen 15 first absorkbed into the nmetal o
Zzrm o a sclid scolustion. At saturaticsn (A, a
hydride phase with cemzosition 3 1s formed. Wich
it it pro e intmethatinin

~
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N_H . +4 1T N_+4H O+
N2h4 4 CE —-» R euzo da
The exact reaction is not fullv understcod and

. . . 2
several reaction mechanisms have keen sugg 2 (29)

(]

St

(b

Despite higher thecretical wvalues using prorosed

mechanisms, the measured electrcds potentials ci

o
§ 4
e
fu
=
%
8
1]
[t
-
(31}
9]
ot
e
O
b

in the same nmedia. Lvtes are

creferred Ior nydrazins systems (bacause of dirasct

cr nycérazine-cuvgen cells, the cathcde reaction

2H, 0, +da —3 J4CE
Silver is an alfective cata'lrst Zor rercoxide Zaceom-

'
o]
n
}=
(B
be
0
8}

hydrogen peroxide cells is aprreximatelsy cne volt.

Although theoreiticzcal coulcmbic efficiancies

o hydrazine, from cross difiusion of the oxidant
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to 500 hours of operation by the formation of gas

blisters in the cell membrane.(la)

D. Summary.

The chemical fuel cell is a highly eZficient energy
source with great potential for future emplovment. Except for
space systems, however, fuel cell power has been used only in
limited, experimental aprlications.

Generally, two known systems have been engineered
primarily for submersibles ~ the PC-15 power plant and the
Alsthom power modules. The PC-15 is expensive, kut very effi-
cient. It uses readily available gaseous reactants, andéd it
has been tested extensively at sea in Deep Quest. The Alsthom

system requires expensive reactants, operates a%t low

th

efficiencies and has limited cell life: however, it offers
uncomplicated design, very high power densitv, and uses liguid
reactants. The only Xnown use of the Alsthom system at sea is

the 2 kW svstem test on the Diving Saucer.

With recent advances in ion-exchange membranes, the G.E.
s0lid polymer electrolyte system shows great potential for
several applications. At its pressnt state c¢f development, it
could probably be engineered for submersible use with little
technelegical risk.

Because of their various distinctive characteristics and

because they are in different stages of development, compari-

sons of the three systems can only be done on a very supexr-

e ————
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ficial lavel. The PC-15 is presently available and testeéd as
a complete system, and it should be the basis of ccmparison.
With its high efficiency, the PC~15 offers the most economical
system in terms of reactant consumption. After development,
however, a SPE system could have smaller acgquisition cost, and
because of its longer predicted life-time, lower overall
operating costs (see Table 2.3). For the Alsthom svstem tcC
be a viable alternative, cell life must ke increased, and the
high cost of reactants reduced.

For submersibles requiring high energy density and
presently using Ag-In batteries, even expensive systems like

the PC-15 appear to be competitive. The Deep Quest PC-15

system provides 700 kwh of energy, ‘has a dry weight of approx-
imately 4,000 kg, and supplies nearly 300 kg of positive
buoyancy. An advanced Ag-2n battery with comparable energy -
storage would weigh 6,000 kg dry and would reguire an
additional 2,500-3,000 kg of syntactic focam to achieve neutral
buoyancy. Additionally, the fuel cell svstem allows for ragid
reglenisnment of energy, whereas an Ag-In battery system
reguires 8-12 hours for recharge. A cost comparison of the
two systems would be guite complex and would have to include
factors such as the recycling of spent bhatteries and cells

for precious metal recovery, maintenance factors, and the
individual requirements for the submersible in guestion. For
the l4-ton Canadian submersible in Reference (21), the PC-15

(evaluated as a 20 kW system) was economically superior on a
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per dive basis to an Ag-Zn battery systen.
The applicability of £fuel cell power for a smaller
submersible presently using lead-acid batteries is explored

in the succeeding chapter.




CHAPTER IV
A FUEL CELL SYSTEM FOR SEA CLIZFF

A. Introducticn

The Sea Cliff, operated by the U.S. Navy, has been
chosen to investigate the impact of installing a "state-of-the-

} "

arct”" fuel cell system on a small submersible. Designed pri-
marily for underwater engineering ané salvage, Sea Cliff has
significantly smaller ensrgy reguirements than the submarine
search and rescue vehicles (DSSV and D3SRV) for which the
PC-15 power system was developed. Although perhaps more
sophisticated in overall capability, Sea Cliff and her sister
vessel, Turtle, are comparable in size (24.1 tons) and present
. enefgy capacity (45 kwh) to a number of commercial submer-
sibles (see Table 1.1).
It should be stated that the following analysis is basead

on aprcroximate calculations and is intendeé onlv to assess the

overall eifect of fuel cell power on Sea Cliif,

3. Present ConZficuration of Sea Cliff

1. General. Figure 2.l shows a general outline of

Sea Cliff, and ner overall characteristics are listed in
Table 4.1.

Sea Cliff and Turtle were built by General Dynamics
Corporaction and were launched together at New Londen,
Connecticut, in December, 1968. Designed for underwater

surveying, salvace, anéd c¢eneral engineering, Sea Cliff

-~
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TABIE 4.1
SEA CLIFF DSV-4)

GENERAL CHARACTERISTICS

Length: 26 ft. Total Energy: 45 kwh
Beam: 12 ft. Speed: Max....2.5 knots/l1 hr
Height: 12 f£t. Cruise..... .1 knot/8 hrs
Weight (Dry): 24 tons Crew: 3
Operating Life Support: 100 Man-hrs
Depth: 6,500 ft. Payload: Interior....600 lbs
Collapse (excluding personnel)
Depth: 9 50 ft. Exterior....3C0 lbs

Pressure Hull: HY-100 steel. 1.33 in. thick, 7 ft. outside diameter.

Power Svstem: 60 and 30 Vdc lead-acid batteries rated at 250 ampere hours.
Power is available as:

120 vac, 60 hz, single phase
120 vac, 400 hz, single phase
60 Vdc
30 vdce .
(24 vdc, 400 hz, three phase -
fed directly to gyroccmpass)

Emergency Fower: Two 30 Vdc silver-zinc battaries and separate distriku-
tion systems lccated in the personnel sphere. Emergency
batteries have a capacity of 12 amp-hrs at a 1 hr discharge
rate.

Prozulsion:
Stern. A hydraulically driven stern progeller Iis trainable
with its shroud thrcough 45 degrees left and right.
The main hydraulic pumr used £or stern gprcpulsicn is
driven by a 3 EP electric motor.

Side Peds. TwWo side pod propulsion units are powered by variable
speed 60 Vdc electric motors. Side pods are connec-
ted internally by a series cf shafts and universal
joints and are trainable together through 369° by an
electric training motor. Maximum ascent rate using
side peds is 100 £t/min., Side pod motors are each
rated at 4 HP.

Contro!. A single maneuvering control box in the personnel
sphere controls speed, direction of rotation, and
orientation of the three propulsors. Three nodes are
available: stern progeller alone, sicde pods alone,
and all three propulsors tcgether.

External Lights: Four 230 watt lamps, one 750 watt lamp.
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is equipred with five plexiglass viewports, two external
television cameras, lights, a 70 mm still camera, sonar,
a gyrococmpass, fathometer, and underwater and surface
communications. Eer two hydraulically cowered manipu-
lators can be eguipped with a wvariety of tools including
cable-cutters, drills, and grasping jaws. Tools are
stored in external racks and can be interchanged during a
missicn. Sea Cliff rzresen+tly ocerates out cf San Diego,
California.

2. Power Svstem. Sea Cliff is rowered by lead-acid

batteries contained in two oil-compensated batter:y tanks.

-

Each tank contains 45 cells separated into 60 and 30

volt grougss. Including containment, oil, syntactic

bucyance foar, and batteries, each tank weichs 4,000

counds in air and 2,000 pounds submerged.

The installed batteries are ESB Incorrorated Exice

(o)

Type DMSC-11Z dry-charged cells. They are rated at 25

ampere-nours at a 6 hour discharce rate (80°F) and have

e}

an estimated sarvice 1ifes of 300 discharge cycles. Each

[

cell weighs 43.3 pounds filled ard measures 6.2x4.3x18

inches. An electrolyte scrubber (gas serarator) fitted

to zach cell minimizes *the escape of electrolyte.
Nominal recharge %*ime is 12 hours.

A general schematic of the distributicn system is
shown in Figure 4.2. Yormally, rort and starbecard cell
groups of each voltage (60, 30 vdc) are operated in

parallel.
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3. Operational Considerations. Presently, average

dive time is about six hours with excertional dives
lasting as lcng as ten hours. Energy storage is gener-
ally the limiting factor in operating time, and final
cell voltages are near 1.7 volts. A 100 ampere-hour
reserve 1s maintained to ascend from maximum depth
(6,500 £z.) using side pcd prorzulsion.

According to present operator§40)

propulsive power
is adegquate, and areas regquiring improvement are

maneuverability, manipulator dexterity, and visibility

aft. It is also felt that a six hour dive is long enough

for single crew operaticns, but that rapid turn-around

U
with fresh operators could be valuable.

Proposed Fuel Cell Svstem

Calculaticons and specific arrangements for the

propcsed svstem are contained in Appendix 3.

1. Cverall Capabilities. The following capabilities

were chesen for Sea Cliff's fuel cell system:

a. Maximum sustained power - 15 kilowatts at 60
volts. Based on running all three propulsors at
full power, all lights, a 2 kilowatt hotel load,
and 25% margin.

b. Total energy storage oI 100 kilowatt hours.
This will allow two missions at present energy

usage rate with 10% margin. Assumed operating
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philcsophy of six hour single crew dives with one
crew change before refueling.

2. Characteristics of Preliminary Design. The basic

results of the design study are listed in Table 4.2.

a. Fuel cell system. The General Electric solid

polymer electrolyte, H2-02 fuel cell was arbitrarily
chosen. Size and basic characteristics cf the fuel
cell are presented in Appendix 3. Calculations were
based on a current density of 400 ma/cm2 at maximum
rated power. This is about 20% lower than sustained
levels available. Increased current density would
decrease the size of the active cell area regquired
(thus reducing costs), but it would have little
effect on the weight and volume of the total energy

system. The overall fuel cell system would lock

much like the schematic of the PC-15 (Figure 3.4)
with oxygen rather than hydrocgen £lcwing with product
water through the separator lcop and a small ccm-~
pressor for pumping purged gases cut of the oxygen
loop. The system operates at constant purge (1.3%

of O2 consumed) with inerts in the hydrogen side
diffusing through the membrane to the oxygen svstem.

b. Reactant Containment Svstem. 1In the preliminary

design, both reactants are stored as 3,000 psi gas
in spherical tanks. For the energy level chosen,

the overall weight and volume of gaseous storage

IRPRICORSIVT L 7Y PRSI,
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TABLE 4.2

CHARACTERISTICS OF FUEL-CELL SYSTEM FCOR SEA CLITF

Maximum Sustained Power:
Total Reactant Storage:

Qutput:

Overall Efficiency at Rated Power:

Power Module Weight
Module Containment Weight
Reactant Svstem Weight (freled)

Qther Weight (HZO Containment,

. Structure)
Total System Weight
Total System Displacement
Total Buovancy Impact

Buovancy Change in 100 kwh
(Due to Purge)
Heat Rejected at Maximum

Sustained Level

Cccolant Flow Reqguired (HZO coolant)

15 kw (60 V.)
100 kwh

60 Véc, 30 Vac
.48

67.5 kg

222.0 kg

663.8 kg

100 kg

1053.3 kg
736.9 kg

- 316.4 kg

.64 kg

38,370 BTU/hr

792 1/hr
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appears to be acceptable. Hyvdrogen storage in

iron-titanium hydride was inestigated

and, from prelimirary calculations, would increase
system weight by approximately 100 kg and decrease
system buoyancy by more than 300 kg. t maximum
sustained power, the hydride svstem would use one-
third of the cell's waste heat for hydrocen
liberation. Liguid chemical storage of reactants
on a system as small as Sea Cliff would present
serious technical difficulties. It is anticipated
that the logistics and handling of 3,000 psi gaseous
storage would be fairly straightforward.

c. Distribution. For a single fuel cell module,

the dual voltage svstem existing in Sea Clifs
presents problems. A tentative svstem 1s shown in
Appendix 3, section M, wiih the fuel cell module
separated into two 43 cell stacks. Thirty volis is

drawn from each s:tack anéd 60 wvolts across both

b

stacks in series. A larce imbalance in 30 volt loads
for the different stacks could resuit in differential
heating cf the cell system. This might be solved by
thermal isolaticn of the two stacks and separate
cooling system controls to each group. In new
design, a single direct current voltage would ke
preferable for a system with one fuel cell module.

d. Arrancement. A rossible arrangement of the

system is shown in Appendix 3, section J. From
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scaling based on Figure 4.1, it appears that the
fuel cell system will fit easily into space
presently occupied by the battery tanks. This
arrangement must be considered very tentative as the
exact configuration of Sea Cliff in this area is not

known.

Impact of Replacing Lead-Acid Batterv Svstem with Pro-

posed Fuel Call Svstem

1. Weight and Volume. Weight and displacement charac-

teristics of the two systems are shown in Takble 4.3. The
net result of replacement is 1,500 kg of positive
buoyancy to the vessel, which is equivalent to 2.8 tons *
of .68 g/cm3 syntactic foam. If lead ballast were added
to overccome the positive bucvancy, Sea Cliff would still
weigh approximately one ton less after the alteration.

In reality, some combination of foam removal and lesad

ballast addition would probably accompany the battery

(1]
fh
r
(o]

replacement. Some fixed ballast wcould be reguir
restore stability.

2. Operaticnal Consideraticons. The proposed fuel cell

system is not complex, and it should be possible to
engineer it into a very reliable power plant. A reliable
fuel cell system would provide significantly higher

system availability than the installed lead-acid battery.




- 106 -

TABLE 4.3

WEIGHT AND DISPLACEMENT SUMMARY

Lead-Acid H2-02 Fuel
Battery Cell
Total Weight (Dry) 3,630 kg 1,053 kg
Total Displacement 1,814 kg 737 kg
Net Buovancy -1,816 kg - 316 kg

With a two crew concept, it could more than double the
useful employment time of the vessel. It is anticipated
that system chack-ocut, and energy, and life-support
replenishment after two missiors could be accomplished

in one or two hours.

3. Costs. Only a very general attempt at cost analysis
is made in Appendix 3. On a per-dive basis, considering
only energy system costs, a fuel cell plant is consider-
ably more expensive than the installed system; however,
the cost of tying up a support vessel and crew for a
twelve-hour battery recharge could easilv compensate for
the difference in energy costs. In places like the North
Sea, where submersible operations are sometimes possible
only a few days a month, the increased availability with

fuel cell power cculd be extremely valuable.
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E. Summarv

Fuel cell power has been proposed for submersibles
since the early 1960's. A 700 kilowatt-hour system is fully
developed and employed on the 50-ton Deep Quest.

Fuel cell power plants are technrically feasible for
smaller vessels such as the Sea Cliff. The 15 kilowatt, 100
kilowatt-hour system considered in this study provides more
than twice the energy of present lead-acid battery systems,
has much less weight and negative buoyancy impact, and can be
replenished in much less time. Although the fuel cell system
would be more expensive in both capital and operating cost
than leacd-acid batteries, it does nct seem unreasonable that
the pay-back in terms of overall system availability would

more than compensate for the expense.

.
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APPENDIX 1

SOME USEFrUL RELATIONSHIPS AND APPROXIMATIONS
FOR PRELIMINARY SUBMERSIBLE DESIGN

Weight and Volume

1. General. To remain at neutral buoyancy when sub-

merged the total weight (W) of the vessel must egqual the
weight of water displaced by the total submerged volume
(7).,

W = P 7=zA (1]

where i is the density of sea water (;wz 1,027 gm/cm3
at 25°C and 1 atm) and A is called the submerged dis-
placement.

In preliminary éesign, weight, buoyant volume,
center of gravity, and center of buoyancy can be estimated
for general weight groups. A typical grouping into
general weight and volume categories might be:

.. Pressure Hull (Ph)

.. Power Plant and Energy Source (M)

.. Pavload (crew, instruments, tools, etc.) (F)
.. Floatation Material (£Zm)

.. Fixed Ballast (B)

.. Water Ballast (BW)

.. Auxiliary Systems (A)

.. Outfit and Furnishings (F)

.. Other (o)

Pressure hull volume depends on the reguirements oI
the design. Once volume is determined, the weight of a
spherical pressure hull can be approximated by:

W

= 2320 d/s5/¢ lbs. (2]

Ph " ph
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where 7Ph is in ft.3, d is the operating depth in feet
and -/p is the material strength to density ratio in
inches. Eguation [2] is from Reference (6).

Pcwer plant and energy source weight and volume can
be estimated from specific values for power and energy
density and specific volume in Chapters II and III of
this study (or elsewhere) once the basic power and energy
levels are svecified,

Payload weight and volume will be rart of the
specific design regquirements.

Floatation for small submersibles is usually
provided by syntactic £fcam which consists of hollow
plastic or glass microspheres embedded in a resin matrix.
Standard Zoam has a density of 42-44 lbs/ft3 and ccsts on
the order o: SlS/lb.(3) The DSRV's emplcy 36 lb/ft3
foam with glass micrcspheres. The cost of foam is
derendent poth on density and depth capability,

Fixed gositive ballast, cn submersibles of signifi-

-

cant depth cagpability, wculd be reguired only in small
guanti*ties for stability, if at all. Water ballast
tanks are <éesigned to previde a specified surface draft
when filled with air ané reutral buovancy fcor the total
vessel filled with water. A serarate variable ballas*
system must handle variations due to the density of sea
water and due to system weicht and center of gravity

changes during a mission.




- 114 -

In early design stages, the other categorias can
be roughly estimated as simple functions of the overall
displacement. Auxiliary systems, such as high-pressure
air for ballast tank service, variable ballast system,
life-support, and communications ané control eguipment*,
will generally make-up 5% to 10% of total vehicle

(4)

weight. outfit and furnishings (hull fittings, paint)

(4)

max total 3 to 5 percent of total weight. For a
standard working or research submarine, the "otcher”
categery, including framing and external fairing,will be
on the order of 10-15% of the total weight.

Of course, these estimates must be justified in
any specific design, and they would depend strongly on
specific design requirements anéd objectives.

Overall, the sum of all weights and buovant volumes
must satisfy equation [1l]; the resultant center of gravity

must be belcw and in a vertical line with the center of

buoyancy; and sufficient stability must be assurad.

Power and Energy

1. Power. The power reguired can ke estimated £rom the

following relationship:

- 3
PT = [PO + KD VR ] [3]
where: Po = load other than propulsicn.
VR = speed with respect to the water.
KD = 1/2 Pov CD s
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CD = frontal cross sectional area drag
coefficient
§ = frontal cress sectional area

General submersible loads are covered in Chapter II.
Cften the power required for propulsicn is expressed in a

more general form:

2/3 (3

P =KJ v (4]

where A2/3

approximates the effect of increasing volume
on surface area, and X will depend on general hull
sharce.

2. Energy reguirements are best determined from power

spectrums for individual, anticipated missions (see

Chapter II).

catiih, y - DN 1T S YT S



APPENDIX 2

NOTES ON THE EFFICIENCY OF FUEL CELLS

The intrinsic high efficiency of electrochemical svstems
is menticned in Chapters II and III. Here, the basic thermo-

dynamic definition of fuel cell efficiency will be discussed.

Background
For thermal energy conversion devices, only part of the
heat energy is available for mechanical work due to inherently
large entrozy lcsses. The maximum transformation efficiency
for a reversible heat engine is the familiar Carrnot

efficiency:
T -T2
e —_- (1]

where W is the work done by the system, Q is the heat aksorbed,

and T, and 7, are the initial and final temperatures (absolute)

1 ‘2
respectively. Practical considerations limit temgeratures,
and "c for real machines 1is about 40%-30%, Actual conversion

efficiencies {cue to losses other than entropv) are on %the
order of 50% lower.
The enthalapy change of a chemical reaction carried out
isothermally and at ccnstant pressure (P) is:
AH = AE + PAV = Q-W+PlV [2]
where LZ and !V are the changes in the systen's internal

energy and volume respectively.

If this reaction supplies heat to a reversible thermal

W lind ittt ittt bt o it
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cycle, the only work done by the system is PLV and eqg. [2]
becomes:

AH = Q {3]

Thus, the enthalapy change of the reaction is egual to the
heat absorbed by the system.

If£ the reaction proceeds electrochemically, electrical
work is also produced in moving electreons arcund the circuis

ng Inta2rrnal rasistance,

+

from the anode to the cathcde. Ignor
this work can be expressed as:

= ja -3 = v
W n-(VC va) nfE (4]

-
Pe

el
where n 1s the number of electrons involved in the reaction,
F is the Faraday number, Vc and Va are the pctentials of the
cathode and anode rédspectively, and =L is the dverall cell
voltage.

¥

In the elactrcchemical case, then, the toctal work is:

W =W + PAV 51
el (5]
For reversible orocesses, heat s related to entropy charges

and using eg. (2] the Gibbs £free energy change (AG) for a

constant volume process can be eXxpressed a

0

G = AH-TAS = -nFE_ (71

P

Isothermal (Coulombic) Efficiency

Thus, for an elecirochemical cell, G 1is a direct
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measure of the maximum amount of net work obtainable, and an
efficiency analcgous to =2g. [l] can be defirned for reversible

iscthermal fuel cells:

_ W _AG _ . T2
"t TIECIEC Y TE (8]

At a given temgperature and pressure, ny has a definite

value for each reaction system. For HE,-0O, cells at 25°C and

2072
one atmospihere -, is 81.3%. In scme electrochemical svstems
with positive entrepy change (C+0—» CC) . can exceed unity.

beccme important, and the actual volitage (E), 1s less than

ty

Py
-

. The voltage efficiency is ce

(&)

ined zas:

The decrease

Xirnetic eifacts.

i3 ncstly cue

CurrenT  daews, \‘\3

:(ju'c. L,
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the actual reaction kinetics at the cell elecirodes. Over
the linear portion from A to B, ohmic (iR} losses become

relatively important, and this voltage drop is called the

ohmic overpotential (Vr). Finally, at high loads, cell
reactions become contrxolled by the rate of transport of

reactants to the electrodes and a concentration overvoltage

(vc) causes a rapid decrease in cverall voltage. At a given

cell outgut actual vcltage 1is:

t1

= Er- (Va+vr+vc) [10]

Faradaic Efficiency

The Faradaic efficiency is defined as:

I R
] ’\f = Tm * (11]

where I is the actual current ané Im is the expectad current

if all reactants are consumed electrcchemically. Some Ifrac-
tion (l-n.) of the reactants may react 2irectly at ctheir own

electrode or with each other after dififusicn acrcoss the cell.
In 52-02 cells the Faradaic efiiciency i3 close to unity, but
in cells witi less stable reactants such as h

it can represent a major loss.

Overall EfZiciencw

The overall efficiency ¢f a fuel cell 1s the groduct of
the three efficiencies discussed abcve:

AP s N [12]
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